Over the years, the wetlands covered by Sphagnum in Bibai, Japan have been turning into areas of aridity, resulting in an invasion of Sasa into the bogs. Yet little is known about the methane-cycling microorganisms in such environments. In this study, the methanotrophic, methanogenic, and archaeal community structures within these two types of wetland vegetation were studied by phylogenetic analysis targeting particulate methane monooxygenase (pmoA), methyl coenzyme M reductase (mcrA), and the archaeal 16S rRNA gene. The pmoA library indicated that Methylomonas and Methylocystis predominated in the Sphagnum-covered and Sasa-invaded areas, respectively. The mcrA and 16S rRNA libraries indicated that Methanoregula were abundant methanogens in the Sphagnum-covered area. In the Sasa-invaded area, by contrast, mcrA genes were not detected, and no 16S rRNA clones were affiliated with previously known methanogens. Because the Sasainvaded area still produced methane, of the various uncultured populations detected, novel euryarchaeotal lineages are candidate methane producers.
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Methane is a marked contributor to global warming. At present, the total annual emission of methane is estimated to be 500-600 Tg, which has resulted in a 3-fold increase in atmospheric methane concentration over the past 200 years. 1) Recently, increasing attention has been paid to the effects of climate change on the methane cycle in terrestrial ecosystems, including wetlands, peat bogs, and permafrost. [2] [3] [4] Among these environments, wetlands located in boreal-subarctic regions are considered to be a major natural source of atmospheric methane, accounting for 20-38% of total annual emissions. 5) The methane cycle in wetlands is balanced by methane oxidation by methanotrophic bacteria (methanotrophs) and methanogenesis by methanogenic archaea (methanogens). 6, 7) In general, aerobic methanotrophs are categorized as type I or type II on the basis of phylogenetic and physiological traits. 8, 9) They play important roles in the consumption of up to 90% of methane produced by methanogens in the upper aerobic layer of wetlands. 10) Almost all known methanogenic archaea are hydrogenotrophs, which gain energy from the reduction of carbon dioxide to methane using hydrogen or formate as electron donor, and some of them are also capable of utilizing secondary alcohols. 11) Although only a very limited number of methanogens can utilize acetate, an important intermediate in the anaerobic biotransformation of organic compounds, 12) their contribution has been estimated to be about 70% of total methane emission from natural environments. 13) To understand methane dynamics in wetland ecosystems, considerable efforts have been made to characterize microbial community structure using cultureindependent molecular approaches, especially those targeting the 16S rRNA gene [14] [15] [16] and the functional genes involved in the oxidation of methane [17] [18] [19] and methanogenesis. 15, 20, 21) In those studies, phylogenetic analysis of clones retrieved from wetland soils indicated that the major methane-cycling microbes are type I and type II methanotrophic bacteria and methanogenic archaea of the orders Methanomicrobiales and Methanosarcinales, but the key determinant of microbial community structure in a wetland ecosystem is as yet unidentified.
Geochemical studies of wetland environments have indicated that vegetation type is a critical factor in the emission of greenhouse gases, including methane and carbon dioxide. 7, [22] [23] [24] Significant changes in the vegetation coverage of boreal wetlands have been reported recently, and increases in air temperature and changes in hydrological conditions (e.g., in the groundwater table)
y To whom correspondence should be addressed. Tel: +81-29-849-1107; Fax: +81-29-861-8326; E-mail: hori-tomo@aist.go.jp are potential drivers of vegetation change. 25, 26) Although this suggests that global warming highly influences wetland vegetation and vice versa, the effect of vegetation type on microbial communities consisting of methanotrophic, methanogenic, and other trophic microorganisms in wetlands has not been clearly elucidated.
To understand better the dynamics of methane fluxes in a wetland ecosystem, it is necessary to obtain data detailing the microbial diversity of wetlands in which the vegetation type has changed. In Japan, considerable areas of wetlands covered with natural vegetation, such as Sphagnum and Moliniopsis, have been invaded by Sasa (bamboo) species that are adapted to a low soil moisture content. [27] [28] [29] [30] In the present study, we investigated microbial community structure in Sphagnumcovered (Sp) and Sasa-invaded (Sa) wetlands located in northern Japan using molecular phylogenetic analysis, because such sites are good examples that represent transitions of community structure over time. Comparative analyses of methanotrophic and methanogenic communities were performed using three marker genes: the -subunit of particulate methane monooxygenase (pmoA), the -subunit of methyl coenzyme M reductase (mcrA), and the archaeal 16S rRNA genes.
Materials and Methods
Site description. The two study sites (Sp and Sa areas), located in Bibai, Hokkaido, Japan (43 19 0 N, 141 48 0 E), were about 120 m apart, with a peat thickness of 4 m. Because these sites are typical examples of wetland ecosystems in Japan, they have been subject to considerable research on the effects of vegetation change on geochemical factors, groundwater levels, and greenhouse gas emissions. [27] [28] [29] [30] [31] The annual mean temperature at these sites is 6.6 C, and annual precipitation is 1,124 mm, including 500 mm of snowfall. 29) The wetland vegetation types are distinct between the two sites: in the Sp area, Sphagnum species dominate, and in the Sa area, Sasa palmata has invaded. The invasion by Sasa species of the original Sphagnum vegetation area was caused by agricultural landfill and water discharge in previous decades, resulting in the drying up of the wetland. The average of groundwater tables for the Sp and Sa areas were À7.2 cm and À11.2 cm, respectively. 32) Vertical profiles of potential methane oxidation and production in wetland ecosystems located in boreal-subarctic regions have indicated that the methanotrophic and methanogenic activities occur below a depth of 5-10 cm. 18, 31, 33, 34) Detailed site descriptions, including vegetation type and annual flux of greenhouse gases (including methane, carbon dioxide, and nitrous oxide), are summarized in Table 1 . 28, 29, 31) Wetland soil samples were collected in October 2008 from the Sp and Sa areas at a depth of 8 cm. Pebbles and plant roots were removed from the samples. Soil samples were immediately subjected to DNA extraction, or were stored at À20 C.
DNA extraction and PCR. DNA extraction from the wetland soil samples was performed by a direct lysis protocol involving bead beating, as described previously. 35) Approximately 50 ng of template DNA was used for PCR amplification at a reaction volume of 50 mL. pmoA, mcrA, and archaeal 16S rRNA gene clone libraries were constructed to evaluate the diversity of methanotrophic, methanogenic, and archaeal community structures. pmoA was amplified by a seminested PCR scheme by the method of Horz et al. 36) mcrA was amplified with mixed forward primer ME3MF/ME3MF-e 37) and reverse primer ME2r 021) following the protocol of Nunoura et al. 37) The archaeal 16S rRNA gene was amplified with primers ARC109f 38) and ARC915r 39) by a previously described method. 40) Clone library. PCR amplicons were purified with a QIAquick PCR Purification Kit (Qiagen, Valencia, CA), and then subcloned into a pT7Blue-2 T-vector (Novagen, Madison, WI) with a DNA Ligation Kit (Takara Bio, Ohtsu, Japan) following the manufacturer's instructions. Approximately 40-50 clones were randomly retrieved from each library. The cloned genes were sequenced with a BigDye Ò Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and a 3130xl Genetic Analyzer (Applied Biosystems). The sequence data were aligned, and a distance matrix tree based on the neighbor-joining method 41) was constructed with the MEGA 4.0 program. 42) The topology of the trees was estimated by 1,000 replicates of bootstrap analysis. 43) Trees based on maximum parsimony and minimum evolution algorithms showed essentially the same topology (data not shown). The phylotype was defined as a group of cloned sequences with >95.0% deduced amino acid sequence identity for pmoA and mcrA, and >97.0% nucleotide sequence identity for the archaeal 16S rRNA gene. The coverage values were calculated using equation ½1 À ðn=NÞ, where n is the number of phylotypes comprising a single clone (singleton) and N is the total number of clones analyzed. 44) Nucleotide sequence accession numbers. The gene sequences of pmoA, mcrA, and archaeal 16S rRNA presented in this study have been deposited under DDBJ/EMBL/GenBank accession nos. AB570018 to AB570079.
Results and Discussion
Geochemical properties of the Sphagnum-covered and Sasa-invaded wetlands
The annual fluxes of three major greenhouse gases (methane, carbon dioxide, and nitrous oxide) at the locations covered with Sphagnum vegetation (Sp) were significantly different from those at the locations invaded by Sasa palmata (Sa) ( Table 1) . 28, 29) The annual methane emission from the Sp area was approximately twice as high as that from the Sa area, whereas the emission of carbon dioxide from the Sa site was approximately 40-fold higher than that from the Sp area. Although the contribution of nitrous oxide to the potential for total global warming was relatively low due to its slight proportion, its emission from the Sp area was approximately 6 times higher than that from the Sa area. Overall, the global warming potential in the Sa area was 2.5-fold higher than that in the Sp area, suggesting that aridification together with Sasa invasion promotes greenhouse gas emission in the Bibai wetlands. These data also suggest that (i) despite the fact that Sasa fixes large amounts of carbon, a far larger amount of carbon dioxide is emitted, probably as a result of increases in microbial metabolism, including aerobic respiration and heterotrophic fermentation, and (ii) Sasa invasion causes a shift in microbial transformation processes from methanogenesis to other CO 2 -producing reduction pathways, such as nitrate reduction and iron reduction. The aridification of the wetlands and subsequent Sasa invasion may have triggered changes in microbial community structures, as described below.
Populations of aerobic methanotrophic bacteria
To elucidate the influence of the changes in wetland vegetation on the microbial community structure associated with methane oxidation, pmoA gene clone libraries were constructed from the Sp and Sa areas (Table 1) . We retrieved a total of 39 pmoA clones from the Sp area (hereafter ''SpP clones'') and 39 pmoA clones from the Sa area (hereafter ''SaP clones''), resulting in six and four phylotypes, respectively (Table 1 and Fig. 2) . The coverage values of the clone libraries were calculated to be 95-97%, suggesting that the phylotypes detected in this study were adequate for evaluating the major methanotrophic constituents of the wetlands. Comparative phylogenetic analysis on the basis of the inferred amino acid sequences of the pmoA clones retrieved from the Sp and Sa areas showed marked differences in methanotrophic community structure ( Figs. 1 and 2 ). For the Sp area, the most abundant phylotype was the Methylomonas-related type I methanotroph (four phylotypes, 74.4% of total clones), and the second most abundant was the Methylocystis-related type II methanotroph (one phylotype, 23.1% of the total). For the Sa area, in contrast, the most abundant group was related to the type II Methylocystis methanotroph (three phylotypes, 74.4% of the total), and the second most abundant was related to the type I Methylococcus methanotroph (one phylotype, 25.6% of the total). These observations indicate that the methanotrophic community, as well as rate of methane emission, in the wetlands was greatly influenced by vegetation type. A similar relationship between methanotrophic community structure and methane emission has been observed in English acidic wetlands, 18) where type I methanotrophs dominated in an Eriophorum/ Sphagnum-covered area with higher methane emissions, whereas type II methanotrophs dominated in the lower methane-producing Calluna-covered area. Physiological characterizations of isolated methanotrophs (types I and II) have shown that the growth of type I methanotrophs is greater than that of type II methanotrophs at higher methane concentrations, whereas type II methanotrophs outgrow type I under relatively low methane concentrations. [45] [46] [47] Taken together with previous observations, our findings strongly suggest that the rate of methane emission, linked to vegetation type, is a decisive factor determining the predominance of particular methanotrophs in a wetland.
Populations of methanogenic archaea
The methanogenic archaeal populations in both areas (Sp and Sa) were evaluated by phylogenetic analysis targeting the mcrA and archaeal 16S rRNA genes ( According to those studies, Methanoregula spp. appear to play a major role in methanogenesis in wetland ecosystems. Regarding aceticlastic methanogens, phylotypes related to the genus Methanosaeta were observed at low frequency in the mcrA (two phylotypes, 4.9% of the total; Figs. 1 and 3 ) and 16S rRNA (one phylotype, 3.8% of the total; Figs. 1 and 4) libraries derived from the Sp area, suggesting that they play a part in aceticlastic methanogenesis in a wetland environment.
In contrast to the Sp community, the mcrA gene fragment could not be amplified from the Sa community using the ME3MF/ME3MF-e and ME2r 0 primer set. We attempted to construct mcrA libraries using other primer sets, called MCR 53) and ML, 54) but neither of these attempts was successful, suggesting that there are no methanogens, or if there are some, that they harbor significantly different types of mcrA gene. The archaeal 16S rRNA clone library constructed from the Sa area was analyzed to determine whether the Sa area harbored methanogenic populations (Figs. 1 and 4) . From the Sa library, we retrieved a total of 53 clones of 16S rRNA genes, resulting in 16 phylotypes (hereafter ''SaR clones''), but 16S rRNA clones corresponding to previously known methanogens were undetectable, confirming our finding of a lack of mcrA gene sequences. As shown in Table 1 , the Sa area still emitted methane, although the net amount was slightly lower than in the Sp area. This strongly indicates that methanogens were present in the Sa area, but they might be species that have been not previously been recognized as methanogens. As shown in Figs. 1 and 4 , significant proportions of uncultured euryarchaeotal lineages, LDS (5.7%) and Rice cluster V (1.9%), were found within the Sa library. The ecophysiological functions of these two lineages remain unknown, but their frequent occurrence in methanogenic ecosystems, such as rice paddy fields, 55) lake sediments, 56) and wetlands, 49, 57) suggests that they are candidate methane producers.
Further populations of uncultured archaea
In the Sp and Sa areas, some of the 16S rRNA gene clones were affiliated with euryarchaeotal lineages (Figs. 1 and 4) . These groups consisted of environmental rRNA gene clones without cultured representa- 
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Methylocystis isozyme-related tives. For example, the ARMAN group was found at frequencies of 1.9% (one phylotype) and 34.0% (six phylotypes) in the Sp and Sa areas, respectively. These phylotypes found in this study are to some extent related to Candidatus ''Micrarchaeum acidiphilum'' (83%-90% nucleotide identity), whereas they are distantly related to previously known methanogens, such as the classes Methanobacteria and Methanomicrobia. Remarkably, the ARMAN population in the Sa area was approximately 18 times higher than in the Sp area. ARMAN-type rRNA clones have been retrieved from acidic environments, such as acid mine drainage areas (pH 0.5-1.5) 58) and boreal wetlands (pH 3.9-4.8). 49, 57) These pH ranges are in accordance with the pH values detected at the present study sites, suggesting that other factors regulate their proliferation in wetland environments. A recent metagenomic study found that ARMAN organisms have aerobic respiration systems. 59) Indeed, the oxygen diffusion rate was found to be higher in Sasa-invaded wetlands than in Sphagnum-dominated wetlands. 30) This indicates that an oxic (or microaerobic) environment might be prerequisite for the dominance of these organisms.
Within the class Crenarchaeota, most of the phylotypes were assigned to uncultured lineages, Group 1.1c, Group 1.3, and the DP cluster (Figs. 1 and 5 ). The ecophysiology of these crenarchaeotal lineages remains largely unclear, because no representatives have been cultured and they are distinct from previously isolated thermophilic crenarchaeotal species within the class Thermoprotei. Half of the archaeal 16S rRNA gene clones retrieved from the Sa area belonged to Group 1.1c (six phylotypes, 50.9% of the total), whereas the number of these clones recovered from the Sp area was relatively low (one phylotype, 3.8% of the total). Group 1.1c archaea have frequently been detected in boreal wetlands, 33, 49, 60) acidic forest soils, 61, 62) and grassland soil. 63) In addition, they are known to possess mycorrhizal status, colonizing the rhizosphere. [64] [65] [66] Given that Sasa species harbor endomycorrhizal root systems 67) while Sphagnum species are known to be nonmycorrhizal, 68) the rhizosphere environment, connected with vegetation type, is an important determinant of the dominance of Group 1.1c populations in wetlands. In the Sp area, Group 1.3 organisms were observed in high abundance (three phylotypes, 37.7% of the total). Group 1.3 is widely distributed in boreal wetlands 33, 49, 69, 70) and other anoxic environments, such as flooded soil and sediment. 71) Hamberger et al. 70) reported that Group 1.3 organisms are enriched in a monosaccharide-containing culture under anoxic conditions, suggesting that they have an anaerobic metabolic trait. In addition to these uncultured taxa, the DP cluster was specifically detected in the Sp area (two phylotypes, 9.4% of the total). Although knowledge of the ecophysiology of DP-type organisms is lacking, these organisms may live anaerobically in wetland ecosystems. 33) In conclusion, the 2.5-fold difference in potential for greenhouse gas emission between Sphagnum-covered and Sasa-invaded wetlands underlines the importance of the effects of vegetation type on the community structure of methane-cycling microbes. Here we provide a dataset detailing the microbial diversity of wetland soils associated with two distinct vegetation types by means of a phylogenetic analysis based on pmoA, mcrA, and archaeal 16S rRNA genes. Our study should provide deeper insight into the mechanisms underlying the microbial methane cycle in wetlands.
The main conclusions are as follows: (i) Regarding methanotrophic bacteria, type I methanotrophs (Methylomonas) and type II methanotrophs (Methylocystis) predominated in the Sphagnum-covered and Sasa-invaded areas, respectively. The rate of methane emission, linked to vegetation type, might be a critical factor determining the dominance of methanotrophic bacteria.
(ii) Methanoregula spp. played a crucial role in hydrogenotrophic methanogenesis in the Sphagnumcovered wetland. No previously known methanogens were detected in the Sasa-invaded area. Instead, uncultured euryarchaeotal lineages (LDS and Rice cluster V) are candidate methane producers.
(iii) Uncultured archaeal taxa, such as ARMAN, Group 1.1c, Group 1.3, and the DP cluster, were found frequently in both types of wetlands, and their habitat was significantly influenced by vegetation type. Boldface indicates the clones obtained in this study, and those named SpR and SaR were obtained from the Sphagnum-covered and the Sasainvaded area, respectively. The sequences of the korarchaeotal 16S rRNA gene clones (AF255604, DQ228517, DQ228631, DQ465908, L25303) were used as outgroups. The bar indicates 10% base substitution.
